Isolated spiral strips of rat thoracic aorta with endothelium were suspended for isometric tension recordings in a physiological salt solution. Endothelium-dependent vasorelaxation was elicited by carbachol 10 -6 and 10 -5 mol litre -1 during norepinephrine-induced contractions, and the effects of 1.5% and 3% halothane were evaluated with concomitant measurement of [Ca 2ϩ ] i using fura-2-Ca 2ϩ fluorescence. The effects of halothane on endothelium-dependent relaxation were compared with those of nitro G -L-arginine methyl ester 10 -4 mol litre -1 (L-NAME: an inhibitor of nitric oxide synthase). Carbachol reduced norepinephrine-induced contractions in a concentration-dependent manner, but augmented the norepinephrine-induced increase in [Ca 2ϩ ] i in endothelium intact strips. In contrast, carbachol did not influence muscle tension or [Ca 2ϩ ] i when the endothelium was completely denuded. Although 3% halothane and L-NAME 10 -4 mol litre -1 inhibited carbachol-induced vasorelaxation in a similar manner, halothane inhibited carbachol-induced increases in [Ca 2ϩ ] i . These results indicate that halothane inhibited a carbachol-induced increase in [Ca 2ϩ ] i in the endothelium, which subsequently attenuated the decrease in muscle tension.
Materials and methods
Increase in the cytosolic concentration of Ca 2ϩ ([Ca 2ϩ ] i ) in endothelial cells is an essential step in the synthesis and/ Preparation of muscle strips and measurement of or release of nitric oxide. 1 2 Ca 2ϩ availability is a likely [Ca 2ϩ ] i target of the interaction of halothane with vascular reactivity
The study was approved by the Animal Care Committee of because it influences Ca 2ϩ release from the sarcoplasmic our institute. The descending thoracic aorta was isolated reticulum or Ca 2ϩ influx through the sarcolemma in vascular from male Sprague-Dawley rats (150-200 g) during halosmooth muscle. 7 8 In fact, halothane has been reported to thane anaesthesia and cut into spiral strips approximately inhibit the bradykinin-induced increase in [Ca 2ϩ ] i in cultured 10 mm in length and 1 mm in width under a dissecting bovine aortic endothelial cells. [9] [10] [11] However, there have microscope. The muscle strips were loaded with 5 been no qualitative studies concerning the effect of halothane µmol litre -1 of the acetoxymethyl ester of fura-2 (fura-2/ on endothelial Ca 2ϩ increase and vasorelaxation in a vascular strip.
AM) solution for 3-5 h at room temperature (23-25°C).
A non-cytotoxic detergent (0.05% Cremophor EL) was muscle strips (nϭ6), the second set of contractions was performed in the presence of nitro G -L-arginine methyl ester added to solubilize fura-2/AM in a physiological salt solution (PSS). Special care was taken to preserve the 10 -4 mol litre -1 (L-NAME, an inhibitor of nitric oxide synthase) to compare the effect of halothane on endotheliumendothelium while making spiral strips and during fura-2/ AM loading. PSS contained (in mmol litre -1 ): NaCl 136.9; dependent vasorelaxation.
Carbachol-induced changes in muscle tension and [Ca 2ϩ ] i KCl 5.4; CaCl 2 1.5; MgCl 2 1.0; NaHCO 3 23.8; glucose 5.5; and ethylenediamine tetraacetic acid (EDTA) 0.01. The were also determined in muscle strips from which the endothelium had been denuded either completely with a solution was saturated with a 95% oxygen-5% carbon dioxide mixture at 37°C and pH 7.4. cotton swab moistened with PSS (nϭ6), or only in a small area using a stainless steel rod where fura-2-Ca 2ϩ Experiments were performed with a fluorimeter designed to measure the fluorescence of living tissues (CAF-100; fluorescence was detected (nϭ6) (Fig. 1A) . Nitroglycerine, an endothelium-independent relaxant, was also used as a Japan Spectroscopic, Tokyo, Japan), as reported previously. 7 8 The muscle strips were held horizontally in a nitric oxide donor to activate guanylyl cyclase and induce vasorelaxation in the muscle strips without endothelium temperature-controlled organ bath. One end of the muscle strip was connected to a strain gauge transducer . In these experiments, changes in Ca 2ϩ in smooth muscle only were detected. 612T; Nihon Kohden, Tokyo, Japan) to monitor mechanical activity. The solution was aerated with 95% oxygen-5% Drugs carbon dioxide. A passive tension of 0.5-0.7 g was applied and allowed to equilibrate before the experiment started. The following drugs and chemicals were used: fura-2/AM From our pilot study, the resting tension allowed us to (Dojindo Laboratories, Kumamoto, Japan), Cremophor EL, obtain the maximum contractile response to KCl 32.8 norepinephrine, carbachol, nitro G -L-arginine methyl ester mmol litre -1 . The muscle strips were illuminated alternately (Sigma Chemical Co., St Louis, USA) and halothane at 50 Hz at excitation wavelengths of 340Ϯ10 nm and (Takeda Pharmaceuticals, Tokyo, Japan). Nitroglycerine 380Ϯ10 nm. The amount of 500Ϯ20 emitted fluorescence was kindly donated by Nippon Kayaku Pharmaceuticals induced by 340 nm excitation (F 340 ) and that induced by (Tokyo, Japan). The concentration of halothane in the gas 380 nm excitation (F 380 ) were measured successively. We mixture was monitored continuously using a precalibrated did not calculate the absolute amount of [Ca 2ϩ ] i because anaesthetic agent monitor (Model 303; Atom, Tokyo, Japan). the calculation could have contained an error of approxi-The concentration of halothane in the bath fluid was mately 10% because of endogenous fluorescent substances determined by testing 2-µl aliquots of PSS using gas such as NADH, 12 and also because we do not know chromatography (GC-17A; Shimadzu, Tokyo, Japan). Conthe dissociation constant of fura-2 and Ca 2ϩ in the cell. centrations were 0.44Ϯ0.02 mmol litre -1 and 0.87Ϯ0.03 Furthermore, the intensity of fura-2-Ca 2ϩ fluorescence in mmol litre -1 for 1.5% and 3% halothane, respectively. These the endothelium may be different from that in smooth are equivalent to 1.47% and 2.9% halothane. muscle because of the uneven fura-2 content of these two types of cells. 13 Therefore, the ratio of F 340 to F 380 (R 340/380 
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(ANOVA) for multiple comparisons. PϽ0.05 was considvasodilatation ered significant. When significant variance ratios were After an equilibration period (20-30 min), isometric muscle obtained using ANOVA, a post hoc analysis was performed contraction was induced with norepinephrine 10 -8 mol litre -1 . using Fisher's protected least significant difference test. This concentration evoked approximately 60% of the maximal norepinephrine-induced contraction in our pilot study.
Results
Increases in muscle tension and R 340/380 , 5 min after administration of norepinephrine were regarded as reference We produced 6-8 endothelium intact strips from each rat thoracic aorta. However, not all strips responded to carbavalues (100%). The muscle strips were then challenged with carbachol 10 -6 and 10 -5 mol litre -1 to elicit vasorelaxation. chol sufficiently after fura-2 loading, probably because of endothelial damage. Therefore, we considered endothelium Changes in muscle tension and R 340/380 were expressed as percentages of reference values. This procedure was intact muscle strips as those that reduced norepinephrineinduced contractions by more than 80% after exposure to repeated three times in a control muscle strip to verify the presence of endothelium throughout the experiment. In the carbachol 10 -5 mol litre -1 . Usually, two or three strips were discarded as the response to carbachol was insufficient. halothane groups, we used the same experimental set-up as in the control strip except for the second set of contractions,
In control experiments, norepinephrine simultaneously increased muscle tension and R 340/380 (Fig. 1B, Table 1 ). in which either 1.5% or 3% halothane was administered through the oxygen-carbon dioxide mixture from 8 min Carbachol, administered during norepinephrine-induced contraction, elicited concentration-dependent augmentation before to the end of contraction (nϭ6 animals). In other Table 1 Norepinephrine-induced increases in muscle tension in the three sets detected (Fig. 1C) . Carbachol did not affect muscle tension of contractions (mean (SD)). In the control group, the three sets of contractions or R 340/380 when the endothelium was completely denuded were comparable. In the 1.5% and 3% halothane groups, however, the second (Fig. 1D) . Nitroglycerine 10 -6 mol litre -1 decreased norepiset of contractions was significantly reduced compared with the first and third sets. The third set of contractions was not determined (nd) in the nitro G -Lnephrine-induced increases in muscle tension and R 340/380 arginine (L-NAME) group because the effect of L-NAME was not reversed by by 85 (3)% and 49 (11)%, respectively. washing out or by administration of L-arginine 10 -4 mol litre -1
In control experiments, carbachol-induced decreases in 1st 2nd 3rd P muscle tension and increases in R 340/380 were comparable contraction contraction contraction among the three sets of contractions ( Fig. 2A) . Therefore,
we compared the first two sets in subsequent experiments. muscle contraction and an increase in R 340/380 . However, increases in muscle tension were significantly attenuated of the increase in R 340/380 which was accompanied by a by halothane in a concentration-dependent manner (Table 1) . concentration-dependent decrease in muscle tension. Carba-Halothane also reduced carbachol-induced vasorelaxation in chol 10 -6 mol litre -1 caused a decrease in muscle tension a concentration-dependent manner (Figs 2, 3) . In contrast, of 82 (2)%, whereas there was an increase in R 340/380 of 59 the effect of halothane on the increase in R 340/380 was not (35)%. In contrast with endothelium intact strips, carbachol significant, probably because we measured fluorescence not reduced the increases in both muscle tension and R 340/380 only from the endothelium but also from smooth muscle in muscle strips in which the endothelium had been partially (Fig. 3) . To assess the effect of halothane on endothelial [Ca 2ϩ ]i, we used L-NAME to produce similar vasorelaxation removed from an area where fura-2-Ca 2ϩ fluorescence was 
Discussion
We have demonstrated that: (1) in strips without endothelium, carbachol did not influence vascular reactivity, but nitroglycerine reduced both norepinephrine-induced increases in muscle tension and [Ca 2ϩ ] i ; (2) carbachol reduced muscle tension and an increase in [Ca 2ϩ ] i in strips from which the endothelium had been partially denuded at the area where fura-2-Ca 2ϩ fluorescence was detected; (3) in strips with endothelium, carbachol reduced muscle contraction but augmented the norepinephrine-induced increase in [Ca 2ϩ ]i, halothane altered carbachol-induced changes in both Ca 2ϩ mobilization and vasorelaxation, and The vasorelaxing effects of carbachol depend on the vasorelaxation. However, only L-NAME augmented the carbachol-induced endothelium in the rat thoracic aorta. This was clearly increase in R 340/380 . Data are mean (SD). ***PϽ0.001 vs control, shown in our experiments. Carbachol did not influence † † †PϽ0.001 vs 1.5% halothane, ‡PϽ0.05 vs L-NAME. vascular reactivity in strips without endothelium. When the endothelium was functioning, however, carbachol lowered [Ca 2ϩ ] i and muscle tension, as observed in the partially as observed during 3% halothane. Although there was denuded endothelium strips. Muscarinic agonists such as no significant difference in muscle tension between 3% carbachol produce not only nitric oxide but EDHF in the halothane and L-NAME 10 -4 mol litre -1 during application endothelium, leading to endothelium-induced vasorelaxof carbachol 10 -5 mol litre -1 , the increase in R 340/380 was ation. 14 L-NAME inhibits the production of nitric oxide significantly greater in the L-NAME group than in the 3% halothane group (Figs 1E, 3) . from L-arginine, but does not affect the production of EDHF. Therefore, L-NAME 10 -4 mol litre -1 could not In summary, we have provided strong evidence that completely antagonize the effect of carbachol on endothe-suppression of Ca 2ϩ mobilization in the endothelium is lium-dependent vasorelaxation in our study.
involved in the inhibitory effect of halothane on endotheProduction of nitric oxide or other vasorelaxing sub-lium-dependent vasorelaxation. stances requires an increase in [Ca 2ϩ ] i in the endothelium; 1 this was shown in the endothelium intact strips where The more the endothelium produces vasorelaxing sub- study is needed to define the underlying mechanisms.
